only 10 3 CFU/ml disclosed a lower number of correctly identified positive results by NAT (86.6-93.8% sensitivity) compared to BactiFlow (100% sensitivity). The results for modules 2 and 3 revealed a 100% diagnostic sensitivity and specificity in all three collaborative trials. Conclusion: This proficiency panel facilitates the verification of the analytical sensitivity of rapid and cultural bacterial detection systems under controlled routine conditions. The concept of samples provided in this EQAP has three main advantages: i) samples can be examined by both rapid and culture methods, ii) the provided material is matrix-equivalent, and iii) the sample material is ready-to-use.
Introduction
In developed countries, the residual risk of transfusion-related bacterial infections is currently 10-to 100-fold higher than the residual risk of virus infections (e.g. HIV-1, HCV or HBV [1] ). The major difference between contamination by viruses and bacteria is that even extremely small numbers of bacteria can multiply to vast and clinically dangerous levels, especially in platelet concentrates (PCs) during their storage period under usual PC storage conditions at 22-24 ° C [2] . German hemovigilance data showed that severe transfusion reactions, especially with PCs, often occurred at the end of their storage period [3] . In 2008, the maximum shelf life
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Summary
Background:
The most frequent infectious complication in transfusion therapy in developed countries is related to the bacterial contamination of platelet concentrates (PCs). Rapid and cultural screening methods for bacterial detection in platelets are available, but external performance evaluation, especially of rapid methods, has been difficult to realize so far. Here we summarize the results of three individual collaborative trials using an external quality assessment program (EQAP) for the application of current rapid and cultural screening methods. Methods: Three different modules were available for the detection of bacterial contamination: module 1: rapid methods, module 2: culture methods, module 3: bacterial identification methods. The sample set-up included up to six different bacterial strains, 1-2 negative samples and 4-6 positive samples with stabilized bacterial cell counts (approximately 10 3 /10 4 /10 5 CFU/ml). Time schedule for testing was limited (module 1: 6 h, module 2 and 3: 7 days). Results: Samples of module 1 were analyzed with two different rapid methods (BactiFlow, NAT). The results of the three individual collaborative trials showed that all participants detected the negative samples with both assays correctly. Samples spiked with 10 4 to 10 5 CFU/ml of bacteria obtained positive results with both rapid screening methods, whereas samples spiked with for PCs without treatment for pathogen reduction was reduced in Germany from 5 to 4 days to increase blood safety (Vote 38, German Blood Advisory Board [4] ). However, the shelf life may be prolonged back to 5 days if pathogen reduction or adequate bacterial detection is implemented [4] . At the moment, two rapid bacterial detection systems (BactiFlow (BF; bioMérieux, Nuertingen, Germany) and 16S DNA NAT (German Red Cross, Frankfurt/M., Germany [5] ) have been accepted by the German authority (PaulEhrlich-Institut (PEI), Langen, Germany) to enable extension of PC shelf life to 5 days [5] [6] [7] . Nevertheless, the validation and assessment of bacterial screening methods in a consistent manner is a laborious and complicated process. The establishment of the WHO Repository of Platelet Transfusion-Relevant Bacteria Reference Strains (TRBRS) by the Subgroup on Bacteria of the Working Party on Transfusion-Transmitted Infectious Diseases of the International Society Blood Transfusion (ISBT) was considered as a first step in the implementation of a relevant bacterial reference material [8] . These standards contained deep-frozen bacterial suspensions defined in bacterial species and bacterial cell count with a guaranteed ability to proliferate in PCs [8] . A second innovation could be the development of a proficiency panel with stabilized bacterial cell counts for the head-to-head comparison of methods for the detection of bacterial contamination in PCs [9] . In the present study, we demonstrate the suitability of a recently developed proficiency panel by presenting the results from three independent collaborative trials.
Material and Methods
PC Collection and Bacterial Strains
Apheresis-derived single-donor PCs (APCs) were prepared in the transfusion service Uni.Blutspendedienst OWL (Bad Oeynhausen, Germany) after standard processing with the Haemonetics MCS+ (2.0-4.0 × 10 11 platelets/unit (205-295 ml); Haemonetics GmbH, Munich, Germany). PCs were stored in gas-permeable containers (LN994CF-CPP; Haemonetics GmbH) at 20-24 ° C under constant agitation. APCs were used for all samples included in the first collaborative trial (BAK TK 2_2013).
Pooled PCs (PPCs) were prepared according to the procedure routinely used at the Frankfurt German Red Cross institute [5] . After preparation, PPCs contained 2.0 × 10 11 platelets/unit. PPCs were used for all samples included in the second and third collaborative trial (BAK TK 1_2014 and BAK TK 2_2014). 
Sample Preparation for the Collaborative Trial
Baseline sterility of PCs was determined by inoculation of aerobic and anaerobic culture bottles (BacT/Alert BPA/BPN; bioMérieux) with 5 ml of PC sample. Culture bottles were incubated at 37 ° C in the BacT/Alert automated culture system for 7 days. Overnight-grown cultures in tryptone soy broth of different bacteria (table 2) were used for inoculation of PC samples. Bacterial counts were semi-quantitatively enumerated using the BF assay to assess a rough estimation of volumes required for inoculation with the specified cell counts. Subsequently, bacterial cell counts were adjusted in PCs (target values,  table 2 ). An antibiotic concentration of 10 μg/ml cotrimoxazole (trimethoprim: sulfo-methoxazole 1: 5) was added to each sample to prevent bacterial growth. Samples were blinded with a random order for each screening method (rapid detection methods vs. cultural screening) and were sent overnight to participants in temperature-controlled boxes (range 4-8 ° C; Eutecma, Mannheim, Germany). The next day, samples were maintained at room temperature for 1 h prior to analysis. All participants started sample analysis between 8 and 9 a.m. The time schedule for testing with rapid detection methods was limited to 6 h to avoid falsification of results e.g. by application of pre-incubation steps. The time schedule for testing with cultural detection methods was limited to 7 days.
Previously, all bacterial strains used in the collaborative trials were shown to be sufficient for the proficiency panel by determination of the stability of bacte- rial cell counts between sample set-up and execution of analysis (data not shown). Susceptibility of bacteria included in the proficiency panel against cotrimoxazole was determined using the Vitek II system (bioMérieux).
In addition to the samples of the collaborative trial, our institute further analyzed samples with BF [7] , NAT [10] , and cultural methods [11] directly after processing to monitor the influence of transportation on bacterial cell counts. Furthermore, bacterial cell counts were determined at each sampling point by plating 100 μl aliquots of serial dilutions of PC samples in triplicate onto tryptone soy agar (colony-forming assay). Plates were incubated at 37 ° C for a maximum of 48 h, followed by counting of the number of colonies and calculation of the bacterial cell counts per milliliter (CFU/ml).
Statistical Analysis
All values are given as mean values (± standard deviation (SD)). Mean values and SD were calculated using the GraphPad Prism 4.0 software (GraphPad Software, San Diego, CA, USA).
Results
Results of Rapid Detection Methods (Module 1)
The data received from three independent collaborative trials (BAK TK 2_2013, 1_2014, 2_2014) included 3-4 participants using BF flow cytometric analysis and 3-5 participants using NAT methods, including our institute (table 2). All participants detected the negative samples with both assays correctly, resulting in a diagnostic specificity of 100%. Samples spiked with bacteria in the range of 10 4 -10 5 CFU/ml obtained positive results with both rapid screening methods. The BF assay also correctly detected samples spiked with bacterial cell counts in the range of 10 3 CFU/ml, resulting in a diagnostic sensitivity of 100%. NAT testing showed a lower number of correctly identified positive results (56/61 samples). Samples inoculated with 3.63 × 10 3 CFU/ml S. aureus (BAK TK 2_2013), 5.31 × 10 3 CFU/ml S. epidermidis, 2.05 × 10 3 CFU/ml K. pneumoniae (BAK TK 1_2014) and 9.33 × 10 2 CFU/ml E. coli (BAK TK 2_2014) showed negative results, resulting in a lower diagnostic sensitivity of 86.6-93.8%. For all samples deviating from the respective target values, NAT testing was performed by the same laboratories (A and B, table 2).
Quantitative BF values revealed a good concordance among all participants and indicated a good correlation compared to target values ( fig. 1 ). Quantitative detection of bacteria using NAT methods was not performed by any participant so far. 
Results of Cultural Detection Methods and Identification Methods of Bacteria (Modules 2 and 3)
The data received from three independent collaborative trials included 5-16 participants for module 2 and 2-7 participants for module 3, including our institute (table 2). The application of culture methods for detection and identification of bacteria revealed a diagnostic sensitivity and specificity of 100%; all participants correctly detected and identified the samples inoculated with transfusion-relevant bacteria.
Stability of Test Results
A comparison of pre-and post-transportation characteristics was additionally performed at our institute in order to confirm that neither inoculation with overnight-grown cultures nor shipping conditions had an effect on the outcome. Analysis by 23S rDNA real-time NAT revealed concordant positive and negative results before and after transportation (data not shown). Figure 2 displays the analysis of positive samples by BF and colony-forming assay, as well as analysis by the BacT/Alert system before and after transportation.
The results obtained by semi-quantitative BF analysis provided almost equal bacterial counts in positive samples prior to and post transportation. Furthermore, counts demonstrated a good correlation to values determined by colony-forming assay. Bacterial counts determined by colony-forming assay prior to transportation were also in accordance with counts determined after transportation, with the exception of samples inoculated with <10 5 CFU/ml E. coli (BAK TK 2_2013 S5, BAK TK 2_2014 S1 and S6). For those samples, cell counts were reduced by 0.5 log values ( fig. 2) .
Cultural detection times did not considerably differ between pre-and post-transportation analysis ( pre/post < 2 h), with the exception of the samples inoculated with less than 5 ml inoculation volume (BAK TK 1_14 S8 and BAK TK 2_14 S1).
Discussion
Two rapid screening methods based on amplification of 16S rDNA and BF flow cytometry are currently accepted in Germany for the extension of the PC storage period from 4 to 5 days [5] [6] [7] . Therefore, verification of the sensitivity, performance, and effi- ciency of prominently applied rapid screening methods should be continuously proven by independent proficiency panels. Ideally, External quality assessment programs (EQAPs) as they are known for viral parameters should be available since application of these programs has been shown to be an effective tool for quality assurance. In contrast to viruses, bacteria are capable of growing in PCs during transportation of samples to participants. This could result in variable cell counts, preventing an objective comparison of the sensitivity of bacterial screening methods. Therefore, the establishment of an adequate EQAP poses some considerable challenges. For example, deep frozen storage of samples is not an option since some detection principles require an active bacterial metabolism (e.g. BF [12] ). Furthermore, EQAP panels should contain matrix-equivalent samples to effectively review different methods.
However, the availability of transfusion-relevant bacteria reference material is limited. One achievement in the past was the establishment of the WHO-TRBRS, containing deep-frozen bacterial suspensions defined for bacterial species and cell count [8] . The TRBRS are intended for the validation and comparison of detection and pathogen reduction methods by using on the one hand low bacterial spiking and proliferation during storage and on the other hand defined bacterial cell counts by diluting and measurement. These standards implicate the following advantages: i) quality, stability and suitability for defined low-titer spiking of blood components and ii) the property of bacterial proliferation to high counts in PCs from donors in different regions of the world [8] . Certainly, these standards cannot be used to assess our requirements of the collaborative trial. An effective head-to-head-comparison demanded for defined sample material (matrix-equivalent samples with stabilized bacterial cell counts) to provide identical starting positions for each participant. Deep frozen cultures of the TRBRS were initially required to be inoculated into a PC matrix. This step includes a manipulation potential for participants as well as inter-laboratory differences of bacterial growth kinetics due to varying incubation times and/or PC matrix effects, impeding equal starting positions for each participant.
Therefore, we complementary developed the proficiency panels provided in this EQAP to guarantee the following three points: i) samples can be examined by both rapid and culture methods; ii) the provided materials are matrix-equivalent since PCs were used for inoculation with bacteria; and iii) the sample material is readyto-use, prohibiting external manipulation. Certainly, the concept of addition of antibiotics and decrease in temperature storage does not reflect the environmental situation of bacterial contamination. However, the EQAP panels were not intended to deal with simulation of real-life conditions and the interventions showed no influence on the outcome. The addition of antibiotics, as well as limitation of time schedule for testing with rapid detection methods, is essential to effectively prevent changes in bacterial cell counts and manipulation of the outcome, e.g. by previous incubation of samples to induce bacterial proliferation, Cotrimoxazole is a bacteriostatic antibiotic and inhibits bacterial DNA synthesis. Storage conditions showed a limited influence on bacterial cell counts in some samples inoculated with Gramnegative bacteria (reduction by approximately 0.5 log values) obtained by colony-forming assay. The storage condition might influence the stability of bacterial cell walls and bacterial biosynthesis, most likely resulting in i) higher susceptibility to mechanical stress and ii) extended lag phase. Though, consideration of this aspect is also not necessary in relation to the recent concept of the collaborative trial since no influence on the result outcome of rapid detection methods was observed. In our opinion, this is an acceptable compromise to ensure the stabilization of bacterial count for sample distribution and the prevention of manipulatory efforts.
The aspect of bacterial growth matrix should also be discussed since we used overnight cultures for inoculation of samples rather than bacteria grown in PCs. Cultivation of bacteria in growth-optimized media might provoke the expression of other biological properties (e.g. capsule, exopolysaccharides, antigens) compared to cultivation in a complex matrix such as PCs [8] . Strain-dependent behavior in platelets may have influence in the different detection settings, potentially resulting in unreliable results, e.g. using imaging instruments. However, it was demonstrated that currently used bacterial strains are capable to grow in PCs [8, 12, 13] . The comparison of results obtained with overnight grown cultures was proven to have no influence on the stability of bacterial cell counts and the result outcome. Therefore, consideration of the aspect of growth matrix is not necessary for the strains used in this study and the concept of the collaborative trial. Furthermore, samples of this collaborative trial were either prepared using APCs (BAK-TK 2_2013) or PPCs (BAK-TK 1_2014, BAK-TK 2_2014), revealing no differences in the result analysis.
The results from the three individual collaborative trials using rapid detection methods disclosed that the BF assay currently had a higher sensitivity to detect bacterial contamination compared to NAT screening. Interestingly, the limit of detection (LOD) of the NAT is determined to be 35 CFU (95% CI 12-155 CFU/ml, [5] ), revealing a discrepancy by a factor of approximately 10 to 100 regarding the determined cell counts of the non-detected collaborative trial samples (range 9.33 × 10 2 to 5.31 × 10 3 CFU/ml). Determination of the LOD is an important criterion for the evaluation of an analytical method [14] . Standards for validation experiments are often produced by each laboratory individually due to the absence of adequate reference materials. Particularly, comparison between the LODs of different bacterial NAT assays is difficult since varying amounts of non-cultivable dead cells or free nucleic acids that can be amplified by NAT assays, and the variation in the number of gene copies in a given bacterial species, complicate bacterial quantitation by real-time PCR assays [14] . Hence, especially the sensitivity of NAT methods, but also that of all other screening methods, was verifiable using proficiency panels and EQAPs. Quantification of the overall cell count by BF flow cytometry revealed a good inter-laboratory concordance, demonstrating the feasibility of the provided sample material for quantitative purposes. Since quantitative determination of bacterial counts by BF flow cytometry also exhibited a good correlation to counts determined by colony-forming assay in the present study and in the past [7, 9, 11, 12, 15, 16] , determination of bacterial counts exclusively by flow cytometry would be a possible option.
The applicability of other common rapid methods (e.g. PGD, BacTx) needed to be proven prior to first-time application of these methods by other participants. Since the PGD assay was recommended by the American Association of Blood Banks (standard (5.1.5.1.1) as an optional way of meeting the criteria for bacterial screening of PCs [17] , this assay has been evaluated in various studies in the USA as a rapid assay for routine screening of PCs [18, 19] . Nevertheless, we are convinced that the addition of antibiotics should not interfere with the test principle, and previous experiences have ultimately shown that the reduction in storage temperature had no influence on the assay results [9] .
Unfortunately, the result submission form for the different modules so far does not mandatorily request information regarding the performed NAT testing (16SrDNA, 23SrDNA), the automated culture systems, and bacterial identification methods used. In order to reach more targeted statements, we will include this query in further quality assurance programs for all modules.
The collaborative testing proved successful for the three offered modules. The head-to-head comparison demonstrated a good performance of both rapid systems currently accepted by the PEI, with a slight advantage of the BF assay. Regular successful participation in proficiency testing confirms the efficiency of the analytical sensitivity and all processes of bacterial screening methods under routine conditions. Based on the situation that contamination of blood components with harmful bacterial strains is a rare event (estimated at 1: 100,000), prohibiting routine-controlled evaluation of methods along the way, a regular participation in proficiency panels to survey bacterial screening methods represents an important contribution to blood safety.
